Teicoplanin, an investigational glycopeptide antibiotic related chemically and microbiologically to vancomycin, has in vitro and in vivo activity against gram-positive aerobic and anaerobic bacteria. We compared the single-and multiple-dose pharmacokinetics of intravenous teicoplanin in healthy volunteers. Serum and urine samples were collected for 35 days after single-dose (3 mg/kg) and 72 days after multiple-dose (3 mg/kg per day for 21 days) administration. A three-exponent equation with zero-order input was fitted to concentrations in serum. The mean half-lives (tl2s) were significantly different (P = 0.0075) after single-and multiple-dose administration (130 + 14.9 and 176 + 29.8 h, respectively Teicoplanin, an investigational glycopeptide antibiotic produced by fermentation of Actinoplanes teichomyceticus, is a mixture of six structurally related components related both chemically and microbiologically to vancomycin (1, 2). Teicoplanin has in vitro and in vivo activity against grampositive aerobic and anaerobic bacteria, including Staphylococcus aureus and Staphylococcus epidermidis (including methicillin-resistant strains), Streptococcus faecalis, and Clostridium difficile. Teicoplanin interferes with cell wall biosynthesis by inhibition of peptidoglycan polymerization and is bactericidal against susceptible bacteria (9).
multiple-dose data was approximately 61 h. Total and renal clearances determined at steady state were not statistically different, indicating that teicoplanin is eliminated almost entirely by renal mechanisms.
Teicoplanin, an investigational glycopeptide antibiotic produced by fermentation of Actinoplanes teichomyceticus, is a mixture of six structurally related components related both chemically and microbiologically to vancomycin (1, 2) . Teicoplanin has in vitro and in vivo activity against grampositive aerobic and anaerobic bacteria, including Staphylococcus aureus and Staphylococcus epidermidis (including methicillin-resistant strains), Streptococcus faecalis, and Clostridium difficile. Teicoplanin interferes with cell wall biosynthesis by inhibition of peptidoglycan polymerization and is bactericidal against susceptible bacteria (9) .
Preliminary human and animal data suggest some potential advantages of teicoplanin. Administration by intravenous bolus or intramuscular injection does not appear to produce phlebitis or muscle necrosis. In addition, the half-life (tl/2) of teicoplanin (approximately 48 h) appears from several singledose pharmacokinetic studies to be considerably longer than that of vancomycin. Multiple-dose studies, however, reported a t1/2 of approximately 96 h (12, 13) . The purpose of the present study was to characterize the single-and multiple-dose pharmacokinetics of teicoplanin in healthy volunteers to resolve these discrepancies.
MATERIALS AND METHODS Antibiotic. Teicoplanin was supplied by Merrell-Dow Research Institute, Cincinnati, Ohio (lots SB-C37955-SD and SH-C38464-SK), as a dry, sterile lyophilized powder (200 mg per vial) for reconstitution and intravenous administration and as a laboratory reference powder. Standards and quality-control samples were prepared in serum and urine and stored at -80°C for up to 4 months.
Volunteers. The study protocol was approved by the Hartford Hospital Institutional Review Board. After written, informed consent was obtained, six healthy volunteers (three men, three women) were selected for inclusion in the study on the basis of a normal physical examination and * Corresponding author. laboratory parameters (Table 1) . No volunteer ingested caffeine, alcohol, or antibiotics for 72 h before the start of the study or had a history of hypersensitivity to vancomycin. Female volunteers were not pregnant.
Pharmacokinetic study design. (i) Phase 1: single-dose pharmacokinetics. Six healthy subjects were fasted overnight before and for 4 h after administration of a single 3-mg/kg intravenous dose of teicoplanin. Doses were administered in 25 ml of normal saline as a constant infusion into a forearm vein over 5 min.
Blood samples (7 ml) were obtained from a contralateral forearm vein before administration and at 5 (end of infusion), 10, 15, 30, and 45 minand 1, 2, 3, 4, 6, 9, 12, 24, 36 , and 48 h after dosing and then at 24-h intervals for a total of 25 days. Blood samples were allowed to clot at room temperature and centrifuged for 10 to 12 min, and the serum was immediately decanted and frozen at -80°C until analysis.
Urine was collected before drug administration (blank) and for the following time intervals: 0 to 2, 2 to 4, 4 to 6, 6 to 9, 9 to 12, 12 to 24, 24 to 36, and 36 to 48 h and then in 24-h intervals for a total of 35 days. After each collection period, the total volume of urine was measured, and a 10-ml sample stored at -80°C pending microbiological analysis. Urine collections were stored in the refrigerator (4°C) during the longer (>4-h) collection periods. Concentrations in serum and urine were monitored during phase 1 until concentrations were undetectable (<0.1 ,ug/ml).
(ii) Pharmacokinetic disposition parameters were calculated from output variables of least-squares fitting by usual methods (5). The area under the concentration-time curve (AUC) was calculated as the sum of the ratios of the pre-exponential constants and rate constants. The area under the moment curve (AUMC) was calculated as the sum of the ratios of the pre-exponential constants and the square of the rate constants. The AUC of the SS interval was calculated from the observed data by using the trapezoidal rule method (5). Total clearance (CLT) and renal clearance (CLR) were calculated by the ratio of the administered dose and AUC and the cumulative amount of drug excreted into the urine and AUC, respectively. The volume of the central compartment (V1) was calculated as the ratio of the administered dose and the sum of the pre-exponential constants; the volume of distribution at SS (Vss) was calculated as the ratio of administered dose times AUMC and AUC squared.
Final estimates of pharmacokinetic parameters were obtained by use of the nonlinear, least-squares regression program NLIN (11) , with a weighting factor of 1/y or 1/y2.
Goodness of fit was evaluated by visual examination of the residuals and plots of residuals versus time.
Statistics. Statistical differences between single-and multiple-dose pharmacokinetic parameters were determined by analysis of variance. A P value of <0.05 was considered significant.
RESULTS
Pharmacokinetics. (i) Single-dose phase. A semilogarithmic plot of serum concentration-time data and urinary excretiontime data after single-dose administration of teicoplanin in a representative study subject (subject 1) is shown in Fig. 1 . This curve shape was consistent among all subjects. Pharmacokinetic parameters calculated from the three-exponential fit of the serum data are presented in A semilogarithmic plot of concentration in serum-time data and urinary excretion-time data during the washout period after the last dose of teicoplanin is presented in Fig. 2 . For a drug such as teicoplanin that is virtually totally renally eliminated, the slopes of these two curves should be parallel. The observation of nonparallel slopes in our study is not clearly understood but is consistent with in vivo formation of microbiologically active hydrolysis products (HP) of teicoplanin (1, 2, 6, 8). As a result of the decreased renal clearance of the more lipophilic HP as compared with teicoplanin, one would predict that the apparent half-life should be greater in serum than in urine, which would result in the observed nonparallel character of these curves.
To utilize the most appropriate data for the estimation of teicoplanin pharmacokinetic disposition parameters, for each subject only serum data that exhibited a parallel decline over time in relation to the urinary excretion data were used. It was apparent from inspection of these curves that there was a trend toward convergence, which we attributed to contamination of total serum activity by HP. The intent of this truncation at 240 h was to minimize the impact of HP on teicoplanin disposition parameters. This was accomplished in all subjects by visual inspection of the data. The remainder of this report describes this truncated data. Table 3 contains the pharmacokinetic parameters generated from a three-exponent fit of the truncated multiple-dose serum data. A representative subject (subject 1) is presented in Fig. 3 . As was observed in the single-dose disposition parameters, there was low intersubject variability observed after multiple dosing.
The pharmacokinetic disposition parameters between the single-and multiple-dose phases were compared. All t1/2 data were logarithmically transformed prior to statistical analysis. The volume terms, V/ (P = 0.1331) and V,s (P = 0.6543), did not differ statistically. A statistically significant difference was detected between AUC (P = 0.0002), CLT (P = 0.0002), and terminal t112 (P = 0.0075). At steady state, the mean CLR of 0.170 ml/min per kg was not significantly different from the mean CLT of 0.174 ml/min per kg (P = 0.4555). Safety and tolerance. Teicoplanin was well tolerated in all volunteers. Specifically, there was no evidence of phlebitis, renal, hepatic, or hematologic toxicity, or ototoxicity either during the study or during follow-up evaluation.
DISCUSSION
The pharmacokinetics of teicoplanin have been reported by several investigators. Traina et al. described the pharmacokinetic profile of teicoplanin after a single 2-or 3-mg/kg intravenous dose. They reported a terminal elimination t112 of 40.5 h in the serum and 45.9 h in the urine by using a three-compartment model. Urinary recovery of teicoplanin from 0 to 96 h was 52% (12) . Similar findings were reported by Verbist et al. after administration of 3-or 6-mg/kg intravenous doses with terminal t1/2s of 47.3 and 44.1 h in serum and urine, respectively. Urinary recovery from 0 to 102 h was approximately 44% for each dose (13) . Both studies examined only single-dose data, and, due to limitations in assay sensitivity, serum sampling was limited to 96 to 102 h postdose. In the Verbist et al. study, concentrations of 0.2 to 0.8 ,ug of teicoplanin per ml were present in urine 3 weeks after the study. These short sampling times resulted in an apparent recovery in urine of 50% of the administered dose. Recoveries in urine in the present study accounted for 103 and 98% for the administered dose for the single-dose and SS phases, respectively. Our study demonstrates that total and renal clearances at SS are the same; therefore the drug is virtually all eliminated by the renal route.
The single-dose phase results in our study (Table 2) show a mean terminal elimination t1/2 of 130 h in serum. This t1/2 is not in good agreement with previous reports. This discrepancy may be due to the marked difference in sampling time postdose. Discontinuation of sampling before 11 days postdose will include distributional-phase data in the terminal phase, and therefore the apparent terminal t1/2 will appear shortened.
After the last dose in the multiple-dose phase, the mean serum t1/2 was statistically different from the single-dose data (176 versus 130 h). A possible explanation for the apparent increase in the terminal t112 after multiple-dose administration could be the in vivo presence of microbiologically active HP of teicoplanin. Loss of the N-acetylglucosamine and mannose side chains of teicoplanin results in more lipophilic aglycone moieties that retain some in vitro activity (1, 2, 6, 8) . In the aridicins, a novel series of glycopeptide antibiotics chemically related to teicoplanin, aglycone hydrolysis products exhibit more potent antistaphylococcal activity and prolonged serum tl/2s relative to the parent drug (10).
In the absence of a nonlinear pharmacokinetic disposition, concentration in serum-versus-time curves and urinary excretion-versus-time curves should decline in parallel for any drug reported to be eliminated by primarily renal mechanisms. Parallel slopes were not observed for teicoplanin in this study (Fig. 2) . It can be inferred that formation of HP is a slow process, since the time at which the curves diverge from a parallel decline is 240 h. Also, the percentage of teicoplanin converted to HP must be very small, since the concentration in serum-time curve during the SS washout period levels off at approximately 0.3 ,ug/ml. This is presumably due to the low clearance, large volume of distribution, and prolonged tj/2 associated with lipophilic moieties. These facts suggest that contamination by HP provides the greatest percentage contribution to total microbiological activity at the low total activity levels present at prolonged periods postdose. After multiple doses of teicoplanin, the prolonged sampling time during the multiple-dose washout phase offer a greater potential for HP contamination than that after single-dose administration. Therefore, we assume that SS concentrations in serum are the most representative of true teicoplanin activity, due to the high total activity measured, with a mean maximal concentration at SS (Cmax) of 52.0 ,ug/ ml (CV, 12.5%).
The prolonged t4/2s observed in the present study can be explained by an apparent decrease in renal clearance, consistent with the more lipophilic nature of the HP. As a result of the decreased clearance of HP as compared with teicoplanin, one would predict a more prolonged t1/2 in serum Total clearance (CLT) after single-dose administration and at SS (0 to 24 h after the last dose of teicoplanin) are listed in Tables 2 and 4 , respectively. Although these values were statistically different, as CLT was greater than the CLT after a single dose, this difference is not consistent with nonlinear elimination. The smaller clearances after single-dose administration are most probably due to greater percentage contribution of HP (relative to simultaneous parent drug concentrations) during the single-dose sampling period as compared with that during the SS sampling period. Consequently, the clearance derived from SS data is more reflective of teicoplanin kinetics when microbiological assays are utilized.
At SS, CLR was not significantly different than CLT. This comparison was performed at SS because intersubject variability decreases with multiple dosing and because the concentrations in serum are higher and therefore the SS data provide a better reflection of teicoplanin kinetics. A CLR of 12 ml/min per 70 kg is consistent with a net elimination via filtration in a drug reported to be 90% protein bound (13) . Since teicoplanin is a low-extraction drug, alterations in protein binding or renal function will be expected to affect its kinetics and subsequent concentration-time profiles.
In summary, the pharmacokinetic profile of teicoplanin can be described by a three-exponent equation with a terminal t1/2 of 130 to 176 h. However, the clinically useful t1/2 used for the prediction of time required to attain SS concentrations appears to be 61 h. This difference may be due to the potential accumulation of HP and the relative proportion of total AUC contributed by the terminal exponential. Multiple-dose regimens based upon terminal t1/2s from single-dose studies will therefore result in an overestimation of Cmln This may explain failures in early clinical trials of serious gram-positive infections, where relatively low doses (200 mg) were utilized (3). Further work is needed to determine the dosage adjustments necessary for patients with renal dysfunction and to further clarify the pharmacokinetics of hydrolysis products.
